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Abstract: Uveal melanoma (UM) is the most common primary intraocular malignant tumor type in adults. Even after
the treatment of the ocular tumor, the prognosis of patients with metastasis remains poor. Hence, an urgent unmet
need exists to identify novel approaches to treat advanced UM. Previous studies have revealed G subunit alpha Q
and alpha 11 (GNAQ/11) mutations in more than 85% of patients with UM, thus indicating the importance of GNAQ
and downstream signaling pathways in UM occurrence. Here, we demonstrate that microRNA (miR)-181a-5p, a
small non-coding RNA, effectively inhibited the viability, proliferation, and colony formation but induced apoptosis
of UM cells. Furthermore, silencing GNAQ or AKT3 mimicked the anti-UM effects of miR-181a-5p, whereas over-
expression of GNAQ or AKT3 rescued the anti-UM effects induced by miR-181a-5p. In addition, miR-181a-5p had
a stronger effect in decreasing the viability of GNAQ mutant than GNAQ wild-type cells. Moreover, miR-181a-5p
suppressed the total expression and phosphorylation of members of the ERK and PI3K/AKT/mTOR signaling path-
ways. Importantly, miR-181a-5p potently inhibited the growth of UM xenografts in nude mice. MiR-181a-5p also de-
creased the expression of Ki67, GNAQ, and AKT3, and induced the expression of cleaved-caspase3 in UM tumors.
These results suggest that miR-181a-5p inhibits UM development by targeting GNAQ and AKT3.
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Introduction

Uveal melanoma (UM), the most common pri-
mary intraocular malignant tumor in adults,
arises from the transformation of melanocytes
in the uveal tract [1, 2]. Even if the primary
tumor is successfully treated with radiation or
surgery, as many as 50% of patients succumb
to metastatic disease [3, 4]. Metastatic UM
responds poorly to clinically available thera-
pies, and no curative therapies exist [5-8].
Hence, an urgent unmet need exists to identify
novel approaches to treat advanced UM.

New insights into the molecular biology of UM
have highlighted frequent somatic mutations
in genes encoding the guanine nucleotide-bind-
ing proteins G subunit alpha Q and alpha 11
(GNAQ/11), which are present in more than

85% of UM cases. GNAQ/11 mutations are
early initiating events found in all stages of
UM [9, 10]; most of these mutations occur
within the GTPase catalytic domain and lead to
constitutive activation of downstream pathways
of G-protein coupled receptor signaling, includ-
ing the RAF/MEK/ERK, phosphatidylinositol
3-kinase (PI3K)/AKT/mechanistic target of
rapamycin (mTOR), and Rho/Rac/YAP pathways
[3]. However, GNAQ/11 inhibitors have not been
found to significantly affect survival, possibly
because of the redundancy of downstream sig-
naling pathways [11, 12]. Therefore, combina-
tional therapies that co-target multiple path-
ways have been proposed as an attractive
therapeutic approach in UM.

Recent findings have suggested that microRNAs
(miRNAs) may serve as promising new thera-
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peutic agents in oncology [13]. MiRNAs regu-
late post-transcriptional gene expression via
canonical base pairing of the 5 end region
miRNA seed sequence, which is complementa-
ry to the 3’ untranslated region (UTR) of the
target messenger RNA [14]. Therapeutic modu-
lation of a single miRNA can simultaneously
affect many functional pathways within a cell,
with no or limited toxicity [15]. Human miR-
181a-5p is involved in important cell functions
and has been found to be downregulated in
many tumors [14, 16]. In particular, the expres-
sion of miR-181a-5p is downregulated in both
primary UM and high-risk UM but is absent in
metastatic UM [17, 18]. Although the contribu-
tion of miR-181a-5p to UM has not yet been
clarified [19], mounting evidence indicates that
miR-181a-5p exhibits anti-neoplastic effects by
promoting cancer cell apoptosis, preventing
tumor invasion, and enhancing drug sensitivity
[20-22]. In addition, previous studies have
shown that GNAQ and AKT3 are directly regu-
lated by miR-181a-5p [23, 24], thus suggesting
that miR-181a-5p may contribute to the sup-
pression of GNAQ expression and aberrant sig-
naling pathways activated by GNAQ mutations
in UM.

In this study, we sought to investigate the anti-
UM effects of miR-181a-5p and its roles in
modulating the aberrant GNAQ protein and
downstream signaling pathways.

Materials and methods
Cell culture

OMM2.5 (GNAQ mutant) cells, a kind gift from
Dr. Bruce R. Ksander, Harvard University, were
cultured in RPMI 1640 medium (Gibco, USA)
supplemented with 10% fetal bovine serum
(FBS, Wisent, Canada), 1% penicillin and strep-
tomycin (Wisent, Canada), 1% non-essential
amino acids (Wisent, Canada), and 0.05 mM 2-
mercaptoethanol (Gibco, Canada) [25]. UMOO1
(GNAQ mutant) cells, obtained from Dr. Solange
Landreville, Université Laval, were cultured in
RPMI 1640 (Wisent, Canada), supplemented
with 10% FBS, 1% non-essential amino acids,
1% HEPES (Gibco, Canada), and 0.5% penicillin
and streptomycin [26]. The GNAQ wild-type
(WT) cells Mel285 and Mel290, also provided
by Dr. Solange Landreville, were cultured in
RPMI 1640 (Wisent, Canada) supplemented
with 10% FBS, 2 mM L-glutamine (Wisent,
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Canada), and 1% penicillin and streptomycin
[27]. All cells were cultured at 37°C in a humidi-
fied incubator with 5% CO,,.

Transient transfection

hsa-miR-181a-5p mimic and miRNA negative
control (MiR-NC) were obtained from Thermo
Fisher Scientific, and siR-GNAQ and siR-AKT3
were obtained from Thermo Fisher Scientific.
They were dissolved in RNase-free water at a
stock concentration of 10 mM and stored in
aliquots at -20°C. pcDNA3.1 empty vector was
a gift from Oskar Laur (Addgene_128034).
pcDNA3.1 constructs encoding full-length
human AKT3 was a gift from Morris Birnbaum
(Addgene_27293). pcDNA3.1 constructs en-
coding WT GNAQ (GNAQ"T) and Q209L mutant
GNAQ (GNAQ®2°°Y) were purchased from cDNA.
org (Bloomsburg University). They were dis-
solved in RNase-free water at a stock concen-
tration of 1 pg/uL and stored at -80°C. For
transfection of miRNA, small interfering RNA,
and overexpression plasmids, nucleotides were
mixed with TransIT X2 Mirus reagent (Mirus Bio
LLC, USA) in Opti-MEM medium from Thermo
Fisher Scientific, then added to target cells
according to the manufacturer’s instructions.

Viability assays

For cell viability, 6,000 OMM2.5, Mel285, or
Mel290 cells or 10,000 UMOO1 cells were
plated per well in 96-well black plates with flat
clear bottoms from VWR (Mississauga, Canada)
and cultured with increasing concentrations of
miR-181a-5p for 48 h (OMM2.5 and UMOO1) or
72 h (Mel285 and Mel290). The viability was
assessed with resazurin-based cell viability
assays (PrestoBlue™, Thermo Fisher Scientific).
The absorbance was detected after 2 h at a
wavelength of 615 nm with a CLARIOstar plate
reader (BMG Labtech, France).

Cell proliferation assays

OMM2.5 cells (50,000 cells/well) were plated
in 24-well plates from Sarstedt (Montreal,
Canada), and 50 uL of [3H]-thymidine from
PerkinElmer (Waltham, MA, USA) was added
immediately after transfection. After a 48-h
incubation, the supernatant was removed, cells
were rinsed with cold 5% trichloroacetic acid
(TCA) from Sigma-Aldrich (Oakville, Canada)
three times, rinsed with cold phosphate-buff-
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ered saline (PBS; Wisent, Canada) once, and
lysed with 200 pL lysis solution (Triton X-100
0.1% in 0.1 M NaOH). The lysates were trans-
ferred to 10 ml of scintillation cocktail (Research
Product International, USA), and radioactive
signals were detected with a Hidex 300SL scin-
tillation counter as described previously [28].

Apoptosis assays

For apoptosis measurements, OMM2.5 cells
were treated with miR-181a-5p for 48 h at
the indicated concentrations. Cells were then
washed with PBS and collected by trypsiniza-
tion, then resuspended in staining solution
diluted in 1x Annexin V binding buffer (Invitrog-
en, Burlington, Canada). The staining solution
was composed of 0.1 ug of Annexin V-fluores-
cein-5-isothiocyanate from CedarLane (Burling-
ton, Canada) and 0.1 pg of propidium iodide
from Thermo Fisher Scientific. Cells were stain-
ed for 15 min in the dark and then analyzed
with a BD FACS Canto Il flow cytometer with the
manufacturer's software [29]. Staurosporine
was used as a positive control.

Colonyformation assays

The colony-forming ability of UM cells was
determined as described previously [30]. Brief-
ly, OMM2.5 cells were pre-treated with miR-NC
or miR-181a-5p for 48 h, then collected and
washed with 1x PBS from Wisent and seeded
in miRNA-free RPMI 1640 medium. Three
weeks later, the cells were fixed with fixation
solution (acetic acid/methanol 1:7) for 20 min
and stained with crystal violet solution (0.5%
crystal violet and 20% methanol dissolved in
distilled H,0) from Sigma-Aldrich (Oakville,
Canada) for 2 h. The colonies (> 50 cells) were
then counted.

Western blotting

Whole cell lysates were prepared with mamma-
lian protein extraction reagent supplemented
with protease inhibitor cocktail and phospha-
tase inhibitor from Thermo Fisher Scientific.
Western blotting was performed as previously
described [31]. Briefly, polyacrylamide gel elec-
trophoresis was performed with 12 ug protein,
and proteins were transferred to polyvinylidene
difluoride membranes from Bio-Rad (Mississ-
auga, Canada). Antibodies to mTOR, phosphor-
ylated-ERK (p-ERK), AKT, p-AKT, and PI3K were
obtained from New England BioLabs (Whitby,
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Canada). Antibodies to GNAQ, p-mTOR, and
ERK1/2 were from Abcam (Toronto, Canada).
Anti-AKT3, B-actin and GAPDH antibodies were
from Proteintech (Rosemont, USA), and the
antibody to p-PI3K was from New England
Biolabs. HRP labeled anti-rabbit and anti-
mouse secondary antibodies were from Santa
Cruz Biotechnologies (Dallas, USA). Primary
and secondary antibodies were used at the
recommended dilutions. Detection was per-
formed with ClarityMax ECL substrate from Bio-
Rad and an ImageQuant LAS 500 chemilumi-
nescent imaging system from GE Healthcare
(Chicago, USA). Densitometry values were mea-
sured in terms of pixel intensity by Imagel
software.

Quantitative real-time PCR

The quantitative real-time PCR procedure was
conducted with a LightCycler96 instrument
from Roche Life Science (Bale, Switzerland).
Synthesis of cDNAs and quantitative analysis
of gene expression were performed as describ-
ed previously [32]. To test the level of miR-
181a-5p in UM cells and tissues, we extracted
total miRNAs with a Qiagen miRNeasy Mini Kit,
and generated cDNAs with a miRCURY RT Kit
from Qiagen according to the manufacturer’s
instructions. miRCURY LNA SYBR Green Master
Mix (Qiagen) was used to perform the PCR.
Expression levels of miR-103a-3p were used as
an endogenous reference [33]. Primers for miR-
NAs were from Qiagen (ON, Canada). Primer
sequences are as followed: miR-181a-5p,
MIMAT0000256, 5’AACAUUCAAC GCUGUCGG-
UGAGU; miR-103a-3p, MIMATO000101, 5’AG-
CAGCAUUGUACAGGGCUAUGA.

Tumor xenograft experiments

All experiments were performed according to
protocols approved by the CHU Sainte-Justine
Animal Care Committee. Male nude mice
(6-8 weeks of age) were purchased from Ch-
arles River Laboratories (Senneville, Canada).
OMM2.5 cells (4 x 108 cells in 100 ul PBS) were
subcutaneously inoculated into the flanks of
nude mice. Tumor volumes were measured
with calipers every week and calculated with
the following formula: a2 x b x 0.5, where a rep-
resents the smallest diameter, and b is the
diameter perpendicular to a [34]. After 6 weeks
of tumor growth, when the tumors reached 50
mm3, mice were randomly divided into three
groups receiving miR-NC (2 pg), miR-181a-5p
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(2 ug), or the same volume of PBS twice in-
tratumorally per week. After the mice were
euthanized, tumor tissues were fixed with 4%
paraformaldehyde overnight and were trans-
ferred into 30% sucrose at 4°C for 12 h, then
embedded in Optimal Cutting Temperature
(OCT) Compound (Sakura, USA) and cut into
10-um sections using CryoStar NX50 Cryostat
(ThermoFisher Scientific, USA). Sections were
colored with hematoxylin-eosin (H&E Staining
Kit; Abcam, CA) following the manufacturer’s
instructions or labeled with Ki67, cleaved-cas-
pase3, GNAQ or AKT3.

Immunofluorescence staining

Tumor tissues were fixed and cut as described
in section Tumor xenograft experiments. After
blocking with 1% bovine serum albumin, tumor
sections were incubated with primary antibod-
ies overnight at 4°C and then with secondary
antibodies for 2 h at room temperature. The
antibody to Ki67 was from Abcam (Toronto,
Canada). The antibody to cleaved-caspase3
was obtained from New England BiolLabs
(Toronto, Canada). The antibodies to GNAQ and
AKT3 are described in section Western blot-
ting. Goat anti-rabbit AlexaFluor 594 fluores-
cent antibody was from Thermo Scientific
(Thermo Fisher, USA). Primary and secondary
antibodies were used at the recommended
dilutions. The cell nuclei were stained with DAPI
(Sigma, Canada).

Statistical analysis

All in vitro experiments were repeated three
times, and data are expressed as mean * stan-
dard deviation. Comparisons between two
groups were analyzed with two-tailed Student’s
t-test, and differences among multiple groups
were analyzed with one-way ANOVA with post
hoc comparison through Tukey’s test unless
otherwise stated. Data were plotted in Graph-
Pad Prism9 (Software 9.4.1, La Jolla, USA), and
P-values < 0.05 were considered statistically
significant.

Results

MiR-181a-5p restricts the viability and survival
of UM cells

To test the effects of miR-181a-5p on UM cells,
we first evaluated the viability of OMM2.5 and
UMOO1 cells after transfection with different
concentrations of miR-181a-5p. PrestoBlue™
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assays indicated that miR-181a-5p dose-
dependently inhibited the cell viability of
OMM2.5 and UMOO1 cells. Because 25 nM
was the lowest concentration of miR-181a-5p
that effectively decreased the viability of UM
cells (37.96% and 44.59%, respectively; Figure
1A), we used 25 nM of miR-181a-5p in the fol-
lowing experiments. Since both OMM2.5 and
UMOO1 cells are GNAQ mutants, OMM2.5 cells
were used in most experiments in this study.
After transfection, the miR-181a-5p levels in
UM cells increased dramatically (6833.3- and
5504.5-fold, respectively; Figure S1). In agree-
ment with the viability assay results, miR-181a-
5p significantly decreased the proliferation of
OMM2.5 cells (38.86%; Figure 1B). We next
evaluated the capability of miR-181a-5p to
induce apoptosis. MiR-181a-5p displayed re-
markable apoptosis-inducing ability in OMM2.5
cells, as determined with Annexin V/propidium
iodide dual staining assays (2.64-fold; Figure
1C). Meanwhile, OMM2.5 cells transfected with
miR-181a-5p exhibited marked retardation in
clonogenicity (91.49%; Figure 1D). Collectively,
these data revealed that miR-181a-5p effec-
tively inhibits the viability and survival of UM
cells in vitro.

MiR-181a-5p exhibits stronger anti-UM effects
in cell lines with GNAQ mutation

We also tested the influence of miR-181a-5p on
the viability of the GNAQ"T cell lines Mel285
and Mel290. Unlike the effects of miR-181a-5p
in OMM2.5 and UMOO1 cells, in which 25 nM
of miR-181a-5p dramatically decreased cell
viability by 50% (Figure 2A), 50 nM miR-181a-
5p decreased the viability of Mel285 and
Mel290 cells by only 26% and 17% respectively
(Figure 2B). Together, these findings revealed
that miR-181a-5p has greater viability suppres-
sion activity in GNAQ mutant than WT cells.

MiR-181a-5p inhibits the growth of UM cells by
targeting GNAQ

After determining that GNAQ mutant cell lines
were more sensitive than WT cells to miR-181a-
5p, we sought to elucidate the role of GNAQ
in the anti-UM effects of miR-181a-5p in UM
cells. We first detected the expression of GNAQ
after miR-181a-5p transfection because bioin-
formatics methods have predicted that miR-
181a-5p targets GNAQ. Western blotting indi-
cated that miR-181a-5p decreased the protein
level of GNAQ in OMM2.5 cells (58.08%; Figures
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Figure 1. MiR-181a-5p decreases cell viability and survival of UM cells. A. OMM2.5 and UMOOL1 cells were transfect-
ed with 25 nM of miR-181a-5p or scrambled miRNA negative control (miR-NC) for 48 h. Cell viability was measured
with PrestoBlue™ assays, and values are presented as a percentage of control (CTL). *P < 0.05, ***P < 0.001
vs. miR-NC. B. Cell proliferation of miR-181a-5p transfected OMM2.5 cells, assessed according to [®H]-thymidine
DNA incorporation. Relative proliferation rates are presented as a percentage of CTL. ***P < 0.001 vs. miR-NC. C.
Representative figures of flow cytometry results (left) of OMM2.5 cells stained with Pl and Annexin V after treatment
with miR-181a or miR-NC. The percentage of apoptotic cells is quantified (right). ***P < 0.001 vs. miR-NC. D. After
treatment with miR-181a-5p for 48 h, OMMZ2.5 cells were seeded into 6-well plates and incubated for 21 days.
Representative images of colony formation of OMM2.5 cells treated with miR-181a-5p or miR-NC for 48h (left).
Colonies were counted after 21 days (shown as percentage of CTL) from 3 independent experiments in triplicate

(right). Values are means + standard error of the mean. ***P < 0.001 vs. miR-NC.

3A and S2A). The downregulation of GNAQ
expression in OMM2.5 cells transfected with
siR-GNAQ was confirmed by Western blotting
(59.88%; Figure S2B). Downregulation of GNAQ
expression in OMM2.5 cells by siR-GNAQ sig-
nificantly decreased cell viability (22.17%;
Figure 3B) and colony formation (73.14%;
Figure 3C). In addition, GNAQ silencing inhibit-
ed cell proliferation (62.41%; Figure S2C) and
promoted apoptosis (1.85-fold; Figure S2D) of
OMM2.5 cells. Together, these data indicated
an oncogenic role of GNAQ in UM cells. We also
observed that the anti-UM effects of miR-181a-
5p were markedly blunted by overexpression of
GNAQQ@?%°t in both viability (1.53-fold; Figure
3D) and colony formation (1.43-fold; Figure 3E)
assays. The overexpression of GNAQ in OMM2.5
cells transfected with GNAQ expression plas-
mids was confirmed by Western blotting (4.66-
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fold; Figure S3A). Moreover, GNAQ®?°°t reversed
the effects of miR-181a-5p in proliferation
(1.19-fold; Figure S3B). GNAQ"T plasmids also
increased the viability and proliferation of UM
cells beyond those in the control group,
because of the overexpression of GNAQ pro-
tein; however, GNAQ®2°t plasmids had stronger
effects. These results supported our hypothe-
sis that the anti-UM effects of miR-181a-5p
may function through downregulation of GNAQ
expression.

MiR-181a-5p suppresses the growth of UM
cells by targeting AKT3

Because AKT3 is highly expressed in UM cells,
and miR-181a-5p targets AKT3 directly, we
subsequently assessed the role of AKT3 in the
anti-UM effects of miR-181a-5p. Western blot-
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Figure 3. MiR-181a-5p exhibits anti-UM effects through targeting GNAQ. A. Western blotting analysis of GNAQ protein
in miRNA transfected OMM2.5 cells after treatment with 25 nM miR-181a-5p for 48 h. B. Cell viability of siR-GNAQ
transfected OMM2.5 cells. **P < 0.01 vs. siR-NC. C. Representative images of siR-GNAQ transfected OMM2.5 cells
(left) and relative colony numbers (right). ***P < 0.001 vs. siR-NC. D. After co-transfection with miR-181a-5p or
GNAQ"™ or GNAQ®2°°t expression plasmids for 48 h, OMM2.5 cell viability was measured, and is presented as rela-
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tive cell viability with respect to that in the miR-181a-5p+pcDNA3.1 group. *P < 0.05 vs. miR-181a-5p+pcDNA3.1.
E. Colony formation of co-transfected OMM2.5 cells (left) and relative colony numbers (right). **P < 0.01 vs. miR-

181a-5p+pcDNA3.1.
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Figure 4. Downregulation of AKT3 expression contributes to the anti-UM effect of miR-181a-5p. A. Western blot-
ting analysis of AKT3 protein levels in OMM2.5 cells with or without transfection of miR-181a-5p. B. Cell viability of
siR-AKT3 transfected OMM2.5, measured and presented as a percentage of CTL. *P < 0.05 vs. siR-NC. C. Colony
formation of siR-AKT3 transfected OMM2.5 cells (left) and relative colony numbers (right). **P < 0.01 vs. siR-NC. D.
OMM2.5 cells were co-transfected with miR-181a-5p and AKT3 expression plasmid for 48 h, cell viability was mea-
sured, and relative values with respect to those in the miR-181a-5p+pcDNA3.1 group are presented. **P < 0.01 vs.
miR-181a-5p+pcDNA3.1. E. Representative images of colony formation of co-transfected OMM2.5 cells (left), and
relative colony numbers (right). **P < 0.01 vs. miR-181a-5p+pcDNA3.1.

ting demonstrated that miR-181a-5p decreased
the protein level of AKT3 (60.39%; Figures 4A
and S4A). The downregulation and overexpres-
sion of AKT3 in OMM2.5 cells transfected with
siR-AKT3 or AKT3 expression plasmids were
confirmed by Western blotting (55.25% and
272%, respectively; Figure S4B). SiR-AKT3
diminished not only the viability (17.9%; Figure
4B) but also the colony formation (57.14%;
Figure 4C) of OMM2.5 cells. Additionally, AKT3
silencing inhibited the proliferation (19.81%;
Figure S4C) and induced cell apoptosis (86%;
Figure S4D) of OMM2.5 cells; therefore, AKT3
silencing mimicked the effects of miR-181a-
5p on OMMZ2.5 cells. Nonetheless, AKT3 over-
expression abrogated the anti-UM effect of

299

miR-181a-5p, as evidenced by cell viability
assays (2.47-fold; Figure 4D) and colony for-
mation assays (1.89-fold; Figure 4E). The pro-
liferation inhibiting and apoptosis promoting
effects of miR-181a-5p on OMM2.5 cells were
also diminished by AKT3 overexpression (22%
and 36.85%, respectively; Figure S4E, S4F).
Together, these data indicated that suppress-
ing the expression of AKT3 may contribute to
the anti-UM effect of miR-181a-5p in UM cells.

MiR-181a-5p suppresses the activity of GNAQ
downstream signaling pathways

Although miR-181a-5p was found to exert anti-
UM effects by targeting GNAQ and AKT3, how
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Figure 5. MiR-181a-5p abrogates GNAQ downstream signaling pathways.
Representative Western blot of protein levels of phosphorylated ERK (p-ERK)
and ERK (A), p-PI3K and PI3K (B), p-AKT and AKT (C), and p-mTOR and mTOR
(D) in OMM2.5 cells with or without transfection of miR-181a-5p (left). The
quantified phosphorylated protein or total protein levels of each gene are
presented as a percentage of CTL. *P < 0.05, **P < 0.01 vs. miR-NC.

miR-181a-5p affected the GNAQ downstream
signaling pathway was unknown. Previous stud-
ies have shown that miR-181a-5p targets the
3-UTR of extracellular signal-regulated kinase
2 (Erk2) messenger RNA [35], and miR-181a-
5p inhibition promotes phosphorylation in mul-
tiple cell lines [36, 37]. In addition, a potential
miR-181a-5p binding site exists in the 3’-UTR of
the NRAS proto-oncogene, encoding a protein
that activates the PISK/AKT/mTOR pathway
[38]. In the present study, we found that total
ERK and phosphorylated ERK levels were sig-
nificantly decreased by miR-181a-5p (21.81%
and 22.42%, respectively; Figure 5A). Western
blotting also indicated that miR-181a-5p de-
creased the protein expression of total AKT
and mTOR (36.21% and 18.56%, respectively;
Figure 5C, 5D), and the phosphorylation of
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Hl CTL these two proteins (21.82%

B miR-NC and 31.34%, respectively; Fig-

[ miR-181a-5p ure 5C, 5D), without influenc-
ing the levels of total and
phosphorylated PI3K (Figure
5B). These data suggested
that miR-181a-5p suppresses
the activity of GNAQ down-
stream signaling pathways.

MiR-181a-5p suppresses
outgrowth of xenografted UM
cells in nude mice

To determine the in vivo anti-
neoplastic activity of miR-
181a-5p, we tested the effect
of this miRNA in a nude mouse
xenograft model. As shown in
Figure 6A, after 3 weeks of
treatment, miR-181a-5p signi-
ficantly inhibited the growth of
xenografts (1.03-fold; Figure
6B) and decreased the tumor
size (48.68%; Figure 6C). In
addition, H&E staining reveal-
ed small nests of necrotic UM
cells (Figure 7A). Immunoflu-
orescence staining analysis
demonstrated diminished ex-
pression of Ki67 and elevat-
ed cleaved-caspase3 levels
in the tumor tissues of the
miR-181a-5p treated mice
(95.75% and 8.96-fold, res-
pectively; Figure 7B, 7C, 7F),
thus suggesting that miR-181a-5p suppresses
cell proliferation and promotes cell apoptosis in
UM tumor tissues. We further detected the
expression of GNAQ and AKT3 from xenograft-
ed tumor issues by immunostaining. miR-181a-
5p decreased the levels of GNAQ and AKT3
(68.03% and 67.38%, respectively; Figure
7D-F). These results together indicate that miR-
181a-5p has potent anti-UM activity in vivo.

Discussion

Aberrant GNAQ/11 expression has a key role in
UM neoplastic progression. The potential anti-
tumor short noncoding RNA miR-181a-5p has
shown potent activity against retinoblastoma,
breast cancer, and oral squamous cell carcino-
ma [20, 21, 39]. In the present study, we dem-
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Figure 6. MiR-181a-5p suppresses the growth of subcutaneous UM tumors. A. Schematic of an in vivo nude mouse
model of UM and miR-181a-5p administration schedule. B. Tumor growth curves are plotted for the nude mice
intratumorally treated with PBS, miR-NC, or miR-181a-5p. C. UM tumors were collected on day 21 after treatment
injections. Representative images of UM tumors (left) and relative tumor size (right) for each group. *P < 0.05, **P
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onstrated that miR-181a-5p effectively inhibit-
ed UM development targeting GNAQ and AKT3
(Figure 8).

Compared with cutaneous melanoma, UM has
a much lower mutational burden [3]. However,
most UM carries a GNAQ/11 mutation regard-
less of tumor stage, thus suggesting that
GNAQ/11 mutations are necessary to initiate
tumorigenesis [3, 23]. Because most UM con-
tain mutations deregulating the GNAQ/11 path-
way, drug targeting of this pathway might be
effective in most UM. In the present study, an
important molecular association between miR-
181a-5p and GNAQ was demonstrated. First,
GNAQ protein expression in UM was downre-
gulated by overexpression of miR-181a-5p.
Second, the downregulation of GNAQ expres-
sion by miR-181a-5p strongly suppressed UM
cell growth. Third, overexpression of GNAQ
reversed the anti-UM effect of miR-181a-5p.
Fourth, a previous study has predicted that
GNAQ is a direct target of miR-181a-5p [23].
Together, the present findings demonstrated
that miR-181a-5p regulates GNAQ expression
and functions as a tumor suppressor in UM
development.

However, previous studies have reported that
GNAQ inhibition does not improve overall sur-
vival in patients with UM, although it inhibits
UM viability and growth [40]. Several studies
have therefore focused on interfering with criti-
cal downstream effectors, such as mitogen-
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activated protein kinase, protein kinase C,
PI3K, and AKT signaling [41-43]. Unfortunately,
no improvement in survival rate has been
observed in patients with UM. One reason for
these disappointing results may be that inhibi-
tors of these effectors act far downstream of
oncogenic GNAQ and GNA11 and inhibiting only
one arm of oncogenic networks is likely to be
inefficient because of the redundancy of the
downstream signaling pathways. Therefore,
combinatory inhibition of GNAQ and down-
stream signaling pathways has been tested;
however, no studies have presented satisfac-
tory results [4]. On the basis of the miRNA data-
base, miR-181a-5p has multiple target genes
that play crucial roles in tumor growth apart
from GNAQ. AKT3, one target of miR-181a-5p,
has critical roles in the (a) transformation of
normal melanocytes into melanomas; (b) meta-
static spread of melanoma cells; and (c) devel-
opment of drug resistance. Analysis of the
expression and activity of AKT isoforms in mel-
anoma tumors showed significantly greater
activity of AKT3 than AKT1 or AKT2. In addition,
small interfering RNA mediated knockdown of
AKT3 but not AKT1 or AKT2 sensitizes melano-
ma cells to apoptosis [44]. Importantly, high
AKT3 expression has been detected in UM cells
and tissues and has been found to be associ-
ated with the proliferation and invasion of UM
cells [45]. As the critical role of AKT3 in UM
development, this explains why targeting GNAQ
alone has not achieved a significant anti-UM
effect. In the present study, we discovered that
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Figure 7. H&E staining of UM tumors and regulation of protein expression in UM xenograft tumors. UM xenografted
tumors were injected with miR-NC or miR-181a-5p twice per week for 3 weeks. H&E staining is shown (A), and Ki67
(B), cleaved-caspase3 (C), GNAQ (D) and AKT3 (E) expression was detected. The quantified protein levels are pre-
sented as a percentage of CTL (F). *P < 0.05, **P < 0.01, ***P < 0.001 vs. miR-NC.
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Figure 8. Schematic diagram of the anti-
UM effects of miR-181a-5p. GNAQ is an
o subunit of G-protein coupling receptor.
GNAQ mutation drives uveal melanoma
oncogenesis. MiR-181a-5p inhibits UM
cell survival and tumor growth by target-
ing GNAQ and AKT3.

AKT3 is also critical for miR-181a-5p enabled
viability and colony formation inhibition in UM
cells, thus further supporting the anti-UM
effects of miR-181a-5p.

MiR-181a-5p has been found to affect GNAQ
downstream signaling pathways, such as those
involving ERK and PI3BK/AKT/mTOR, in addition
to AKT3. The ERK and PI3K/AKT/mTOR path-
ways regulate cell growth and proliferation and
are abnormally activated in more than 50% of
patients with UM; consequently, they are cur-
rently considered actionable targets [3]. In
T-cells, gain of miR-181a-5p inhibits multiple
tyrosine phosphatases, thereby significantly
increasing ERK1/2 phosphorylation [46]. We
wondered whether the gain of miR-181a-5p
might enhance levels of ERK1/2 phosphory-
lation through a similar mechanism. Unexpe-
ctedly, we observed a decrease in phospho-
ERK1/2 after miR-181a-5p mimic transfection.
Therefore, miR-181a-5p was considered unlike-
ly to use the same mechanism in UM cells as
in T-cells by targeting multiple phosphatases.
However, researchers have recently demon-
strated that miR-181a-5p is a key regulator of
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cell growth through negative modulation of
mitogen-activated protein kinase/ERK signal-
ing [35]. In this study, miR-181a-5p decreased
the expression of total ERK and phosphorylat-
ed ERK, in agreement with findings from previ-
ous studies. Moreover, our research indicated
that miR-181a-5p inhibited the PI3K/AKT/
mTOR signaling pathway. Although miR-181a-
5p did not decrease PI3K expression and
phosphorylation of PI3K, total AKT and mTOR
expression and phosphorylation were signifi-
cantly suppressed by miR-181a-5p, a finding
that may be explained by miR-181a-5p target-
ing AKT3.

Previous studies have identified GNAQ/11
mutation in more than 85% of patients with
UM and reported that these mutations arise
early in the development of the disease,
thus indicating the importance of GNAQ in
UM occurrence. In this study, we observed a
more profound function of miR-181a-5p in
decreasing the viability in GNAQ mutant cells
than in GNAQYT cells, thus indicating that
miR-181a-5p may be more efficient in treating
UM patients with GNAQ mutation. Nonetheless,
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miR-181a-5p also decreased the viability of
GNAQ"T cell lines, thus indicating that miR-
181a-5p also has the potential to treat UM
without GNAQ mutation. This phenomenon may
be explained by the muti-targeting feature of
miR-181a-5p, given that miR-181-5p was found
to target not only GNAQ but also molecules in
GNAQ downstream signaling pathways, such as
AKT signaling.

A previous study has indicated that UM cells
that grow slowly are high-risk UM cells [47]. We
observed that the OMM2.5 UM cells took 6
weeks to grow to 50 mm?, indicating quite a
slow growth rate with respect to that of other
cells such as OMM1, which took 3 weeks to
grow to 50 mm?3 [34, 48]. Our in vivo study
showed that miR-181a-5p dramatically delayed
the xenografted UM tumor growth; thus, miR-
181a-5p is efficient in high-risk UM treatment.
In addition, we found small nests of neoplastic
melanocytes from the H&E staining, in agree-
ment with findings from a previous study indi-
cating that nodules of tumor cells are distribut-
ed as septa by laminin [49]. After treatment
with miR-181a-5p, we observed some balloon
cell formations, owing to the degeneration of
melanosomes and the resultant progressive
vacuolization [50], thus indicating the in vivo
anti-UM effect of miR-181a-5p. Moreover, miR-
181a-5p decreased proliferation, increased
apoptosis in tumor tissues, and decreased the
expression of GNAQ and AKT3, in agreement
with the in vitro results.

Conclusion

This study provides the first demonstration that
miR-181a-5p is a potential tumor-suppressing
miRNA in UM. MiR-181a-5p exerts anti-UM
effects by targeting GNAQ and AKT3. Therefore,
miR-181a-5p may serve as a useful therapeutic
application for miRNA-based UM therapy.
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Figure S1. Level of miR-181a-5p in UM cell after transfection. Quantitative RT-PCR was performed to detect miR-
181a-5p level in OMM2.5 (A) and UMOO1 (B) cells after transfected with 25 nM of miR-181a-5p. The relative miR-
181a-5p levels are presented respectively. ***P < 0.001 vs. miR-NC.
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Figure S2. GNAQ silencing reduced cell proliferation and increased apoptosis of OMM2.5 cells. (A) Western blot-
ting analysis of GNAQ protein in miRNA transfected OMM2.5 cells after treatment with 25 nM miR-181a-5p for 48
h using B-actin as loading control. **P < 0.01 vs. miR-NC. (B) Western blot analysis of OMM2.5 cells transfected
with siR-GNAQ or siR-NC for 48 h (left), and corresponding quantification shown as percentage of CTL (right). Cell
proliferation (C) and cell apoptosis (D) were assessed and normalized to CTL. *P < 0.05, **P < 0.01, ***P < 0.001
vs. siR-NC.
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Figure S3. GNAQ overexpression reversed the effects of miR-181a on UM cells. (A) Overexpression plasmids of
GNAQ wild type (GNAQ"T) and GNAQ Q209L mutation (GNAQ®°®) were transfected into OMM2.5 cells for 48 h, and
their protein levels were determined. ***P < 0.001 vs. pcDNA3.1. (B) Cell proliferation of OMM2.5 cells was as-
sessed after co-transfection with GNAQ overexpression plasmids and miR-181a-5p, values are normalized to miR-
181a+pcDNA3.1 group. **P < 0.01, ***P < 0.001 vs. miR-181a-5p+pcDNA3.1.
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Figure S4. Regulation of Akt3 expression altered cell proliferation and apoptosis of OMM2.5 cells. (A) Western blot-
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ting analysis of AKT3 protein levels in OMM2.5 cells with or without transfection of miR-181a-5p. The relative AKT3
protein levels are presented as a percentage of CTL. **P < 0.01 vs. miR-NC. (B) OMM2.5 cells were transfected

with siR-AKT3 or AKT3 overexpression plasmid for 48 h, and AKT3 protein levels were detected. The relative cell
proliferation (C) apoptosis (D) of siR-Akt3 transfected OMM2.5 cells are presented. **P < 0.01 vs. siR-NC. After
co-transfected with miR-181a and indicated overexpression plasmids, cell proliferation (E) and cell apoptosis (F) of

OMM2.5 cells were determined and relative values are presented. **P < 0.01 vs. miR-181a-5p+pcDNA3.1.
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